A new composition analysis method, namely, coincidence Doppler broadening (CDB) of positron annihilation radiation, was employed to detect He atoms in ion irradiated Ni and neutron irradiated Cu. The results of positron lifetime and transmission electron microscopy (TEM) show that microvoids and voids were formed in ion-irradiated Ni and neutron-irradiated Cu, respectively. The results of CDB measurements indicate that He atoms were present in the microvoids and voids, even in microvoids annealed at 1273 K in ion-irradiated Ni. Coincidence Doppler broadening measurement, which is a nondestructive technique for testing materials, is effective for detecting He atoms.
Introduction
Interest in the behavior of He in solids has increased with advances in nuclear power technology, in particular, fusion reactor technology. He atoms can be generated in materials by the nuclear reaction of (n, ). The production of He atoms induced by nuclear reactions increases with increasing neutron energy since the cross section of the (n, ) reaction generally increases with neutron energy. In addition, He atoms are introduced directly in plasma-facing materials by the He plasma in fusion reactors. These He atoms produce damage not only on the surface of materials, such as erosion, sputtering and blistering, but also in the bulk because He easily diffuses deep into the specimens. 1, 2) He atoms are insoluble in most metals and alloys, 3) and the presence of He atoms in metals may have a great impact on the microstructure. He atoms promote the growth of cavities, 4, 5) dislocation loops 6, 7) and induce void swelling. These microstructural changes lead to the degradation of mechanical properties.
Thermal desorption spectrometry (TDS) is commonly used to detect He in materials. TDS detects He atoms exiting the sample. However, the TDS method has two disadvantages: i) the sample must be heated during the measurement, and ii) TDS is unable to provide information on sites trapping He.
Positron annihilation spectroscopy is a powerful tool for detecting vacancy-type defects in condensed matter. 8) Doppler broadening of positron annihilation radiation is a nondestructive technique for testing defect clusters. In the dominant decay mode of a thermal positron and electron, two gamma rays are emitted. In the laboratory frame, the energy of two photons emitted by the annihilation of a positron and an electron is different. The difference in photon energy is proportional to the longitudinal component of the electronpositron momentum in the direction of gamma emission. Measurement of photon energies yields information about the momentum distribution of core electrons. Thus, Doppler broadening measurements can provide useful information about the distribution of elements around annihilation sites.
Recently, Doppler broadening measurements have been improved by a two-Ge-detector coincidence system, which decreased the background of high momentum contributions by about two or three orders of magnitude compared with traditional measurements using a single Ge-detector. 9) Coincidence Doppler broadening (CDB) has been used widely to detect precipitates in alloys, 10, 11) however, it has not yet been used to detect gaseous atoms. The main objective of the present work was to develop a new nondestructive technique for detecting He atoms in metals and alloys using CDB.
Experimental Procedure
In the case of ion irradiation, well annealed high-purity (99.99%) Ni supplied by Johnson & Matthey Chemicals Ltd. was irradiated with 3.3-MeV He ions at 423 K using an accelerator in the Institute for Materials Research, Tohoku University, at an irradiation dose of 9:6 Â 10 15 He ions/cm 2 . The damage and the concentration of He at the peak region (about 6 mm from the specimen surface) were 0.3 dpa (displacements per atom) and 300 appm based on calculations using TRIM code, 12) where the threshold displacement energy of Ni was assumed to be 24 eV. The peak width was 1 mm. The isochronal annealing experiments for irradiated Ni were carried out for 1 h at increments of 50 K from the irradiation temperature. To compare the formation of microvoids produced by He ion irradiation and neutron irradiation, where He production can be neglected, well annealed Ni was irradiated at the Kyoto University Reactor (KUR) 13) at 573 K to 4:4 Â 10 À3 dpa. Natural Cu is composed of 69.1 at% 63 Cu and 30.9 at% 65 Cu. The (n, ) and (n, p) reaction typically produces He and H in Cu during neutron irradiation. In order to avoid the effects of H, the Cu isotope 63 Cu, which was prepared by reductive reaction of 63 CuO, was used in the neutron irradiation since He is produced only from 63 Cu by a (n, ) reaction. The irradiation was conducted in a Fast Flux Test Facility (FFTF) reactor using the Materials Open Test Assembly (MOTA) below a core canister during its cycle 12 operation. The irradiation temperature and doses were 646 K and 7.3 dpa. The amount of He produced in 63 Cu was estimated to be 0.214 appm based on dosimetry measurements and calculations. 14) As in the case of Ni, to compare the formation of microvoids produced by He ion irradiation and neutron irradiation, where He production can be neglected, well annealed Cu was irradiated at the KUR at 573 K to 2:8 Â 10 À3 dpa. Positron lifetime and coincidence Doppler broadening (CDB) were measured at room temperature. The positron lifetime spectrometer had a time resolution of 190 ps (full width at half maximum), and each spectrum was accumulated to a total of 1:0 Â 10 6 counts. To discriminate between bulk and defect components, after subtracting the source and background components, the lifetime spectrum LðtÞ was decomposed into two components using the programs Resolution and Positronfit: 15) LðtÞ
where, i are the lifetimes and I i are the intensities. The long lifetime 2 comes from vacancies and vacancy clusters, if any, and the short lifetime 1 results from the positron lifetime of free electrons and other defects, such as dislocations.
The average positron lifetime m is defined as:
Doppler-broadening spectra were accumulated to a total of 2:0 Â 10 7 counts. The energy resolution was 1.4 keV at 511 keV.
Results and Discussion
After irradiation to 9:6 Â 10 15 He ions/cm 2 in Ni, the long lifetime 2 was 278.8 ps with an intensity of 13.6%, which corresponded to a cluster of four vacancies V 4 .
16) Figure 1 shows the lifetimes and intensities of long lifetime 2 during annealing irradiated Ni to 1273 K. The intensity of long lifetime almost did not change up to 723 K, and then decreased with increasing annealing temperature. Meanwhile, the long lifetime decreased slightly during annealing from 623 to 823 K, and then increased at 873 K. The long lifetime increased to about 350 ps at 1123 K, which corresponded to a V 10 . These results indicate that the microvoids are stable at temperatures below 623 K. It is believed that the decrease and increase in long lifetime were caused by microvoids absorbing the interstitials produced by dissociation or movement of tiny interstitial clusters and the migration of tiny microvoids such as V 2 and V 3 , respectively. In addition, the lifetime spectra could not be decomposed into three components. In other words, positronium formation was not observed in lifetime measurements. Figure 2 shows typical ratio curves of He-ion-irradiated Ni and after annealing at 1273 K to unirradiated Ni. In order to identify He, the figure also shows the ratio curve of neutronirradiated Ni, where there was no He production, relative to Ni. After irradiation, the ratio curves were higher than 1 in the low momentum region because more positrons were annihilated by valence electrons at vacancies in the irradiated samples. In addition, the ratio curve of He-ion-irradiated Ni, especially after annealing at 1273 K, shows a peak at about 13:5 Â 10 À3 m 0 c, where m 0 is the electron rest mass, and c is the velocity of light. However, there was no such peak in neutron-irradiated Ni at 13:5 Â 10 À3 m 0 c. In the present study, we introduced two parameters, namely S and W, defined as the ratio of the low-momentum (jP L j < 4 Â 10 À3 m 0 c) and high-momentum (11:5 Â 10 À3 m 0 c < jP L j < 15:5 Â 10 À3 m 0 c) regions in the Doppler broadening spectrum to the total region, respectively. S represents the smaller Doppler shift resulting from the annihilation at the valence electrons of Ni. In the same materials, the increase in S relative to a well-annealed sample comes from the annihilation at vacancy-type defects. W comes from the annihilation at electrons of He, which is used to estimate the number of He atoms around positrons when they are annihilated. Figure 3 shows the results of S and W parameter correlations for He-ion-irradiated Ni during the annealing experiment. S increased and W decreased from 423 to 523 K. The irradiation-induced vacancies became mobile at temperatures above 423 K, and microvoids nucleated and grew though they could not be observed in the lifetime measurement. Then, S decreased and W increased with increasing annealing temperature. On the basis of the lifetime results described above, the decrease in S corresponded to annihilation with interstitials at relatively low temperatures (< 873 K) and to a decrease in the microvoid concentration during growth of microvoids at temperatures above 873 K. The (S, W) points of annealed Ni were almost aligned on the same line segment, which indicated that the variation in S and W was only caused by the changes in microvoid size. In addition, with increasing annealing temperature, S closed to the value of unirradiated Ni, but W remained higher than that of unirradiated Ni. This means that He atoms were present even in microvoids annealed at high temperatures (1273 K).
As the affinity of positrons is higher for microvoids than for He atoms, the positrons trapped at microvoids were annihilated with the electrons in He, i.e., He was present in the microvoids. In order to identify the He peak shown in Fig. 2 , CDB measurements were carried out in neutron-irradiated isotope 63 Cu, where He was produced homogeneously in the matrix by the nuclear reaction of (n, ). Figure 4 shows ratio curves of neutron-irradiated 63 Cu relative to unirradiated Cu. The figure also shows the ratio curve of low dose neutronirradiated natural Cu, where the neutron dose was 0.0028 dpa and He production could be neglected, relative to Cu. Low dose neutron-irradiated Cu was selected because S is almost the same as that in neutron-irradiated 63 Cu, which allows easy comparison. Though not prominent, there was a peak at about 13:5 Â 10 À3 m 0 c in neutron-irradiated 63 Cu. However, there was no peak in low dose irradiated Cu. The low peak was due to the low concentration of He produced by the nuclear reaction, which was estimated to be 0.214 appm as described above. There were peaks at the same positions in He-ion-irradiated Ni and neutron-irradiated 63 Cu. This indicates that the momentum distribution of He in metals is not influenced by the metallic element. The TEM observation shows that large voids with an average diameter of 100 nm were formed in neutron-irradiated 63 Cu. The long lifetime 2 was 439.2 ps with an intensity of 11.3%. The long lifetime corresponded to the lifetime of the void surface since the voids were large. However, no formation of positronium was observed.
Conclusion
The present study employed a new detection method involving CDB to detect He in metals. He could be detected by CDB measurements even at low concentrations. The microvoids containing He were stable at the high temperature of 1273 K. No positronium formation was detected in microvoids containing He. 
